Abstract Application of the preventive techniques for the optimisation of fairways in the south-western Baltic Sea and the Kattegat in terms of protection of the coastal regions against current-driven surface transport of adverse impacts released from vessels is considered. The techniques rely on the quantification of the offshore domains (the points of release of adverse impacts) in terms of their ability to serve as a source of remote, current-driven danger to the nearshore. An approximate solution to this inverse problem of current-driven transport is obtained using statistical analysis of a large pool of Lagrangian trajectories of water particles calculated based on velocity fields from the Denmark's Meteorological Institute (DMI)/BSH cmod circulation model forced by the DMI-HIRHAM wind fields for 1990-1994. The optimum fairways are identified from the spatial distributions of the probability of hitting the coast and for the time (particle age) it takes for the pollution to reach the coast. In general, the northern side of the Darss Sill area and the western domains of the Kattegat are safer to travel. The largest variations in the patterns of safe areas and the properties of pollution beaching occur owing to the interplay of water inflow and outflow. The gain from the use of the optimum fairways is in the range of 10-30 % in terms of the decrease in the probability of coastal hit within 10 days after pollution release or an increase by about 1-2 days of the time it takes for the hit to occur.
Introduction
The increasing density of traffic and the associated increase in the pressure to the marine ecosystem are calling for new solutions for the environmental management of the potential adverse impacts. The situation is particularly complicated in areas where intense ship traffic is crossing or located near to vulnerable areas where consequences of a major accident may be extremely large (Kachel 2008 ). In such places, it is essential to combine the rules for overall reliable design and improved safety of offshore activities, which are usually targeted to the decrease in the probability of an accident, with novel techniques of mitigation of environmental concerns that offer ways for the reduction of the costs of an accident. The presentation of such techniques and their application to one specific ocean area with high concentration of marine traffic is the major motivation for this research.
We address in this paper the Baltic Sea which is under large pressure of shipping and other offshore activities. The number of ship operations (voyages, excluding ferry traffic) in the Baltic is estimated at 150,000/year (Gollasch and Leppäkoski 2007) , and it is assumed to increase considerably in the future. In the Baltic Sea (including Kattegat), about 76 ports handle more than 1 million tonnes of cargo/ year. The Belt Sea and the Arkona Basin is the gateway through which all the ships travelling between the North Sea and the Baltic Sea have to pass (Fig. 1) and where, thus, sailing line optimisation is an important challenge from an environmental point of view.
The south-western Baltic Sea is mostly shallow, with a moderate bottom slope. The key distinguishing feature of the south-western Baltic Sea is that this region serves as a transit area for the outflow of excess water through the Danish Straits. Major water exchange between the western Baltic Sea and Kattegat occurs owing to specific atmospheric conditions. The outflow is sporadically replaced by largescale saline water inflows (Matthäus and Lass 1995) . The baroclinic Rossby radius is about 5 km (Osiński et al. 2010) ; therefore, most of medium-resolution circulation models with grid step around 2 nautical miles applied so far are barely eddy resolving. Furthermore, fine horizontal and vertical resolution is needed to resolve straits topography and sharp stratification; for example, the shallow Belt Sea is characterised by Rossby radii of 1-4 km (Fennel et al. 1991) .
The exact patterns and the beaching points of oil pollution are extremely complicated and hardly predictable in details (Vandenbulcke et al. 2009; Broström et al. 2011 ). On the other hand, there frequently exist semi-persistent currents and pathways of water masses at different timescales even in the sea areas where the overall dynamics is extremely irregular (Lehmann et al. 2002; Meier 2007; Soomere et al. 2011d ). These pathways may support unexpectedly rapid transport of pollution in unfavourable cases. Conversely, they can be used to reduce certain adverse impacts and to implicitly protect specific regions (Soomere and Quak 2007) .
In this paper, we apply the techniques developed in Soomere et al. (2010 Soomere et al. ( , 2011a for the identification of environmentally safest fairways for the south-western Baltic Sea and Kattegat. The key idea is to optimise beforehand the location for the potentially dangerous activities (e.g. fairway) so that the consequences of an accident, if it happens, Fig. 1 The ship traffic and commonly used main fairways in the western Baltic sea would be minimised. A comprehensive solution would require solving the inverse problem of pollution propagation.
The present research deals with methodological problems focussing on transport by currents, which introduces some simplifications in comparison with the real situations. Following the earlier studies, we do not account for the impact of the wind-and wave-induced drift. The reader is referred to ) for the state-of-the art of the relevant knowledge and to (Broström et al. 2011 ) for a recent discussion of the role of the wind-and wave-induced drift in the vicinity of our study area. Furthermore, unlike to the real pollutants, the studied here Lagrangian particles are dominated by simpler dynamics. Realistic pollutants are affected by buoyancy, vertical mixing, dispersion, spreading and other weathering processes.
Finally, we will also demonstrate that Lagrangian approach provides new insight on ocean dynamics in the transition zone, which could have useful geophysical relevance.
The structure of the paper is as follows. The circulation model and results of numerical simulations are presented in Section 2. Section 3 provides a short description of the TRACMASS code used for the calculations of Lagrangian trajectories and depicts the long-term distributions of the Lagrangian net transport speed. Section 4 provides statistics of coastal hits that serves as the basis for the choice of the parameters of Lagrangian trajectories used in the further analysis. Examples of two-dimensional (2D) distributions of the probability for coastal hits and for the particle age are presented in Section 5, and the long-term course of integral values of these parameters is analysed in Section 6. Section 7 provides several examples of the optimum fairway.
2 Circulation in the western Baltic Sea, Danish straits and Kattegat
Numerical model
Modelling of the transport of pollutants in water solves either an advection-diffusion equation on a computational grid or uses a particle-tracking technique. Fundamentals of the present-day understanding of turbulence date back to the works of Kolmogorov (1941 Kolmogorov ( , 1962 who developed the picture of an energy cascade from the largest to the smallest scales. Empiric considerations of Stommel (1949) and Okubo (1971) appeared very useful to describe diffusivity observed in the ocean. Osborne et al. (1986 Osborne et al. ( , 1989 and Sanderson et al. (1990) studied the fractal behaviour of drifter trajectories and described dispersion in terms of fractal geometry. To the best of authors' knowledge, Lagrangian techniques to compute dispersion of pollutants have been first applied by Maier-Reimer (1973) . In later works Lagrangian particle tracking has been applied by Bork and Maier-Reimer (1978) to the heat transport, Dippner (1983) to the oil dispersion, as well as by many other researchers to different oceanographic problems.
The method for the approximate solving of the inverse problem of Lagrangian transport in the context of the identification of the optimum fairway described in detail in (Soomere et al. , 2011a Andrejev et al. 2010 Andrejev et al. , 2011 Viikmäe et al. 2010) consists of four key components: (1) a circulation model for the sea area in question, (2) a method for the calculation of Lagrangian trajectories, (3) a technique for the construction of the cost function that characterises the environmental risk and finally (4) a procedure for the identification of the optimum location of the potentially dangerous activities.
In this study, we use an off-line method for simulations of Lagrangian transport of selected water particles: the trajectories are calculated separately after the integration of the circulation model (Soomere et al. , 2011a using the TRACMASS code (Döös 1995; De Vries and Döös 2001) . The particles are locked in the uppermost layer and thus exert only horizontal advection.
The circulation model, Denmark's Meteorological Institute (DMI)/BSH cmod, is a three-dimensional (3D) primitive equation, hydrostatic, free-surface ocean model, which has been developed originally by BSH (German Federal Maritime and Hydrographic Agency, Kleine 1994; Dick et al. 2001) , further developed by DMI (Buch and She 2005; Lasern et al. 2007; Liu et al. 2009; She et al. 2007 ) and is now known as the HIROMB-BOOS community model (Funkquist 2001) . It solves the Navier-Stokes equations for the currents and budget equations for temperature and salinity on a staggered Arakawa C-grid in spherical coordinates. Turbulent momentum exchange in the horizontal is parameterised following (Smagorinsky 1963 ) approach. A vertical mixing parameterisation has been implemented based on the k-ω turbulence model that is extended for buoyancy affected geophysical flows following (Umlauf et al. 2003) . The model is coupled with a sea ice model (Hibler 1979) treating both its dynamic and thermodynamic properties.
In order to accurately resolve water exchange between the Baltic Sea and North Sea through the Danish Straits three nesting levels (Fig. 2a) Finally, a 3D model covering the transition area from Skagen to Bornholm (80904 surface wet points) is twoway nested (Fig. 2b) into the above Baltic Sea-North Sea model. The initial temperature and salinity data of the DMI/ BSH cmod are taken from climatic data set for the Baltic Sea and North Sea.
The two-way nested grids for the North Sea-Baltic Sea (horizontal resolution of 3 nm, 50 layers in the vertical) and the transition zone (0.5 nm, 52 layers) have matching resolution down to 76 m. This high vertical resolution enables a precise mapping of the straits and sills topography, as well as a correct representation of the thermohaline stratification.
The models are driven by hourly meteorological forcing (10 m winds, 2 m air temperature, mean sea level pressure, surface humidity and cloud cover) from DMIs 40 years reanalysis: a high-resolution ERA40/ERAInterim downscaling product of DMIs regional climate model HIRHAM (Christensen et al. 2006) , with a horizontal resolution of 12 km. This model uses High Resolution Limited Area Model (http://hirlam.org) physics and parameterisations described by Roeckner et al. (2003) . The surface heat flux is parameterised with bulk aerodynamic formulas using atmospheric data and simulated sea surface temperature. River runoff is provided monthly for 31 rivers from the BALTEX Hydrological Data Centre (http://www.smhi.se/sgn0102/bhdc/).
Analysis of surface transport
One of the key features controlling the flow in the transition zone is the surplus of fresh water in the entire Baltic Sea (Leppäranta and Myrberg 2009) . The fresh water inflow (that is largely concentrated in areas remote from the Danish Straits) leads to a higher water level in the Baltic Sea than in the Kattegat and Skagerrak. The resulting slope supports an outflow of surface water towards the Skagerrak. This impact is clearly evident in the long-term average pattern of surface currents in the western Baltic Sea, especially for intervals dominated by the outflow situation (Fig. 3a) . Note the almost total absence of persistence of currents in the Bornholm Basin and Arkona Basin and very weak average currents in the Darss Sill area. The Danish Straits show current pattern of relatively high persistence, which reflects the predomination of brackish water outflow from the Baltic Sea, channelled by the narrow straits. In the southern Kattegat, the circulation features a strong anticyclonic gyre and a relatively persistent coastal current along the western coast of Sweden.
We employ a simplified representation of the alternating inflow and outflow straits regimes based on the surface currents in the Great Belt. Situations in which the average meridional current velocity is directed to the North are assigned to the outflow and the opposite cases-to the inflow regimes. During the typical outflow conditions (Fig. 3b) there exists a very weak structure of currents in the Bornholm Basin while an almost jet-like flow becomes evident in the Kattegat (where the anticyclonic gyre somewhat weakens) and an extremely persistent flow is present in the Straits. It is noteworthy that quite a persistent coastal surface current dominates the north-western coast of the Island of Rügen (see Fig. 2b ). Further west, it branches in the direction of Öresund and the Great Belt. The latter branch forms two almost separated coastal currents after passing the Darss Sill.
The circulation in the straits reverses during inflow periods (Fig. 3c) . The surface waters in the Kattegat deflect to the East from the shortest way towards the Straits. Note also that during these inflow periods there exists no coastal current in the Kattegat. Instead, the Kattegat hosts an almost homogeneous surface flow to the south-east. This flow splits into the Great Belt and Öresund. After passing the Straits and shallows the branches merge into a coastal current near the north-western coast of the Rügen. In this situation, a clearly defined jet-like flow pattern exists neither in the Kattegat nor in the Arkona Basin or Bornholm Basin.
Lagrangian trajectories and transport patterns
The second step towards an approximate solution of the inverse problem of pollution propagation is the calculation of Lagrangian trajectories of particles associated with the pollution. As in the previous studies of surface pollution, we lock the trajectories in the uppermost layer (that is, we deal with buoyant polluting substances).
The applied version of the TRACMASS model (Blanke and Raynaud 1997; Döös 1995; De Vries and Döös 2001) ignores local spreading owing to various subgrid-scale effects such as diffusive processes, small-scale turbulence or local vertical motions of water masses. Consequently, the spreading of the trajectories is usually smaller than the spreading of real particles owing to the effect of sub-grid turbulence (Jönsson et al. 2004; Engqvist et al. 2006; Döös and Engqvist 2007; Döös et al. 2008) . This means that initially close particles have a general tendency to stay close although in the real sea they may substantially diverge. This feature is apparently not decisive for relatively short trajectories (below 10 days) but may still affect the resulting quantification of the offshore domains. There are, however, other aspects that apparently have a comparable impact on the accuracy of the entire procedure such as the overall sensitivity of the optimum location on the resolution of the circulation model (Andrejev et al. 2011) or the choice of the measure for the environmental risks (Soomere et al. , 2011c . A study of the relevant effects is, however, out of the scope of this paper.
The analysis of trajectories allows the identification and visualisation of several properties of surface currents that cannot be extracted directly from the current fields. The most intriguing question in terms of pollution transport is the potential presence of rapid, normally concealed transport pathways. To a first approximation, these can be highlighted by the analysis of spatial variations in the net transport speed calculated over time windows with duration of a few days. The net transport for a water particle is defined as the scalar distance between the start and end positions of its trajectory (Soomere et al. 2011d ) and the relevant (scalar) speed as the ratio of this distance and the duration of the propagation. The procedure for the calculation of this speed follows the method proposed in Soomere et al. (2010) and . First, the initial locations of 15635 water particles were specified in the innermost model area. The particles were released at the centre point of every other grid cell, leaving every second row and column empty. Trajectories were calculated starting from 00:00 on 1 January 1990 over 5 days. The trajectory simulations for the same initial positions of particles are restarted from 12:00 on 01 January for 5 days, at 00:00 on 02 January for 5 days, etc., until the end of the year 1994. The time window was t w 05 days and the time lag between windows was 12 h. The net transport speed for each grid cell containing particles is estimated as an average of the relevant values for all trajectories that started from this cell at different times (Soomere et al. 2011d) . In essence, a spatial pattern of the net transport speed for a particular duration of the trajectories is a natural extension of the measure of the 5-year flow persistency used in Andrejev et al. (2004a, b) The elongated areas of the high net transport speed (Fig. 4) are the most probably candidates for rapid pollution transport pathways. The resulting map of net transport speed shows, not unexpectedly, that a fast moving and relatively persistent (at least a few days) surface flow regularly occurs in the Great Belt and directly adjacent sea areas. While such a transport is confined to the Fehmarn Belt (see Fig. 2b ) by topographic reasons, its prolongation directly to the North of the Great Belt along the Danish mainland is an interesting feature of the circulation system. The long-term average net transport speed is about three times lower in the Öresund area. In essence, this feature does not necessarily reflect smaller instantaneous flow velocities and may simply signify that the flow direction changes more rapidly in Öresund than in the Great Belt. It also once more confirms that the Great Belt is the major route of water exchange during both inflow and outflow periods, and that its coasts may be impacted by pollution released far from the Straits in the Kattegat or Bornholm Basin.
There is also evidence of a wide coastal surface current along the southern coast of Sweden and to a lesser extent along the coast of Rügen (that extends to offshore to the north-east of Arkona Cape (see also Fig. 2b) ). Interestingly, the coastal current along the south-western coast of Sweden, which is clearly visible in the field of average velocities, is not distinguishable in the map of net transport speed.
For further analyses, the year 1993 was chosen, because of the major inflow that happened in January. The average net transport for the individual year 1993 (Fig. 4b) has a very similar pattern to that in Fig. 4a ; but there is much stronger surface transport in the north-eastern part of the Kattegat near Öresund. The annual mean transport speed is almost everywhere larger than the 5-year average. Another interesting feature in the map for 1993 is the presence of a band of high net transport speed across the western Arkona Basin to the Bornholm Channel. This band signifies the possibility that pollution may relatively rapidly cross this basin under certain conditions. A similar but very weak feature is present in the 5-year average field of net transport speed.
Lagrangian trajectories and coastal hits
Below we shall assume that a coastal hit occurs when a particle reaches a distance of less than three grid points (about 2.7 km) from the coast. The set of such grid points is called nearshore in what follows and is indicated as dark area along the model coastline in Fig. 5 . The typical appearance of Lagrangian trajectories that start from different sections of the major fairways is visualised in Fig. 5 , using 50 particles distributed along the ship route. As the subsequent positions of the particles are saved after each 12 h, the piecewise straight approximation to the trajectories may cross land areas. The above has shown that the overall flow patterns are drastically different for inflow and outflow situations. This difference becomes evident also in the behaviour of Lagrangian trajectories. Particles inserted during inflows are rapidly carried to the south along the Great Belt and Öresund, and then to the east over the Darss Sill and the Bornholm Basin. A characteristic feature, possibly corresponding to the belt of rapid net transport in Fig. 4b across the Arkona Basin, is an almost basin-scale bend of the majority of trajectories from Rügen to the north. This feature carries the particles seeded into the Great Belt and Fehmarn Belt (see Fig. 2b ) region to the north until they merge with particles that started their journey from the Öresund region. This feature is not evident in long-term average patterns of the Eulerian currents (Fig. 3) .
The trajectories have somewhat simpler appearance in the (more typical) outflow conditions. The particles inserted into the northern part of the Arkona Basin move to the north, some towards the Swedish coast for some time, and are then carried into Öresund. The particles that start their motion in the vicinity of the Darss Sill move more or less synchronously into the Great Belt. After passing this sound, they are carried to the North along an almost straight pathway, which matches the average Eulerian velocity field in Fig. 3 for the outflow conditions.
The presented results of simulations suggest that, during inflows, the propagation of Lagrangian particles in the Arkona Basin and in a part of the Bornholm Basin may exhibit systematic features that are not evident in the simple statistics of Eulerian currents. For outflow conditions, it seems that the Eulerian current patterns reflect fairly well also the Lagrangian motions of water particles.
A more subtle difference between the inflow and outflow becomes evident in terms of the probabilities of particles to reach the coastal regions, analogous to beaching of oil pollution which is called coastal hits in what follows. The used algorithm assumes that particles are allowed to drift out of the coast regions several times and to hit new coast.
For the outflow the first coastal hits occur very rapidly, within the first hours, and already on the second day almost 15 % of all particles have reached the nearshore (Fig. 6 ). This count exceeded 20 % starting from the 4th day and increased up to 36 % after a week of propagation. The situation is completely different for the inflow regime. A few coastal hits in days 1-3 are exerted by particles inserted into the narrowest part of the straits. The rest of the particles are kept far from the coasts by the current system. The maximum percentage of beaching particles at any time instant only slightly exceeds 6 %.
Although the drastic difference in the beaching rate in Fig. 6 is to some extent caused by inserting of the majority of the particles into the Baltic Sea, it is still evident from Fig. 5a that the tendency to rapidly hit the coasts persists for the particles that have already reached the Kattegat. The feature can be explained by the asymmetry of the hydrographic situation during the outflow and inflow. The dynamics of inflow apparently resembles to some extent the estuarine circulation forced by tidal flow for which it is well known that in such cases the surface flow often exhibits a tendency to converge (Nunes and Simpson 1985) therefore Lagrangian particles converge, as well.
In contrast to this, the diverging patterns during the outflow conditions from the Baltic Sea are to some extent similar to what happens with ebb flow from tidal estuaries (see Bi et al. 2010 ).The high variability in the percentage of the coastal hits suggests that it is necessary to look at how many coastal hits occur for each time interval of simulations. As suggested in Viikmäe et al. 2010 , the optimum duration of the time window should be comparable or longer than the time during which, in average, 50 % of the particles reach the coast. Figure 7 presents the average rate of coastal hits of sets of 50 particles released in locations indicated in Fig. 5 within 10-day-long time windows for different release times. Different from Fig. 6 , only the first hit by a single particle is counted. Typically, about 50-60 % of the particles hit the coast within 10 days of propagation. This suggests that the analysis of 10-to 20-day-long trajectories contains a Fig. 5 The trajectories of 50 particles (black dots) inserted along the major ship route (see Fig. 1 ) a at 00:00 on 6 February 1991 during typical outflow conditions b at 00:00 on 14 January 1993 during inflow conditions and travelling during 10 days sufficient amount of information (about 2,200 trajectories for each grid cell, in average of >1,000 of them experience a coastal hit) for constructing reliable statistics.
The percentage in question varies from a level below 10 % for a short period of strong inflow in mid-January 1993 up to about 95 % during intense outflow periods such as around 23 February 1993. Consistent with the above analysis, the deepest minima for the coastal hits are associated with saline water inflow events and the largest maxima with intense outflows.
5 Distributions of the probability of coastal hit and particle age Two measures to quantify the potential of the offshore sea points to provide danger to the coast in terms of currentdriven transport of adverse impacts released at a particular offshore point are defined: (1) the average probability for a coastal hit and (2) the average time it takes for a particle to hit the coast (called particle age in what follows) (Bolin and Rodhe 1973; Delhez et al. 1999; Andrejev et al. 2010 Andrejev et al. , 2011 . For the calculation of probabilities of coastal hits, we use the time window t w 010 days and the time lag of 5 days. The particles were released in each fourth grid cell in the east-west direction. No particles were selected from areas within three grid cells from the shore, as recommended in . At each release instant, six particles were uniformly distributed in each of 3,911 target cells of the innermost model domain by the TRACMASS code. The counter associated with each trajectory is initially set to 0 and switched to 1 if the particle hits the coast during 10 days. The relevant probability of a coastal hit for a particular grid cell and release instant is the average value of these six counters. The long-term average of this measure for each grid cell is the average over the 366 simulations extending from 01 January 1990 to the first decade of January 1995.
To calculate the particle age, one particle was selected at the centre of the set of target grid cells described above, that is, 3,911 particles altogether in the model area. The time lag between time windows was also 5 days. However, in order to reach a more adequate picture of the distribution of particle age, the calculations were repeated using a time window of 20 days. The particle age was set to 20 days if the particle remained offshore during the entire time window. The long-term average of this measure for each grid cell was also found as the average over all the relevant time windows.
The maps for a single time window (Fig. 8 ) reveal an extremely contrast probabilities, with most of the values for single cells close to 0 or 1. This high contrast is largely due to the overall tendency for the initially closely packed particles to stay together in the current version of the TRACMASS code. This feature results in a tendency that a whole bunch of trajectories starting from a specific grid cell either all touch the nearshore, or none of them enters the nearshore. The contrasts in Fig. 8 are particularly strong because onlỹ 25 % of the cells are accounted for in the calculations. In addition, frequently occurring large variations between the probabilities for neighbouring cells are further enhanced because of the complexity of the geometry of the study area. This high level of contrasts and extreme gradients in maps for single time windows justifies the necessity of using as many time windows as possible in order to reach adequate climatological maps of the parameters in question.
During typical outflow conditions, an extensive area of low probabilities covers most of the Kattegat (Fig. 8a) . Its presence apparently reflects the predomination of Lagrangian transport to the north in the surface layer and suggests that the pollution released into the Danish Straits and/or into the offshore regions of the Kattegat during these metocean conditions will be by large transported towards the Skagerrak over offshore pathways. On the other hand, the probabilities of coastal hits are very large (>0.9) in most of the Arkona Basin and in the entire domain to the south of the Danish islands. Only in certain eastern regions of the Bornholm Basin they remain relatively low.
The spatial distribution of the particle age adds some important information to the overall high probability of coastal hits during the outflow time. Its distribution almost perfectly mirrors the distribution of the probability for the Kattegat area where it typically takes >10 days until the pollution reaches the coast. All the selected particles in the central and northern part of the Kattegat drift out of the model domain. A certain fine structure in this area in Fig. 8b evidently stems from the presence of islands. Interestingly, Fig. 2b ) where the particle age is by several times shorter than in the neighbouring domains. In other words, pollution released into this band has an extremely high chance to hit a coast within 1-2 days whereas similar amounts of pollution released over the Darss Sill may stay offshore for a couple of weeks. This peculiarity obviously reflects the frequent presence of a westwards-flowing current that deflects from the northern tip of Rügen and carries the surface waters to certain coastal sections (Fig. 3b) . The relatively large values of particle age to the east of Fehmarn apparently stem from the low current speeds in this domain. This feature, however, may be overruled by local wind-and wave-induced drift and this area cannot be interpreted as a "safe haven".
The situation is quite different during intense inflow events (Fig. 8c, d ) when the probability for the coastal hit is very low (≤1/6) for particles released almost everywhere to the south of the Danish Straits. Accordingly, the particle age is fairly large, usually over 15 days. This feature qualitatively matches the typical pathways of tracers released along the major fairways (Fig. 5b) . Surprisingly, the probability of coastal hits is equally small for the western and central areas of the Kattegat but increases considerably in its eastern domains. A similar but more detailed feature becomes evident from the distribution of the particle age (Fig. 8d) . Therefore, in such metocean and inflow conditions, a considerable reduction of the probability of coastal pollution may be obtained by simply rerouting ship traffic from Öresund to the Great Belt.
6 Long-term features of the probability of coastal hit and particle age
The variations in the 2D distributions of the probability of coastal hits and particle age as well as their integral properties are large in the southern Baltic Sea and in the Kattegat (Fig. 9) . Interestingly, the amplitude of the variations of both quantities is almost equal for these two domains: the probability varies from about 0.2-0.3 to 0.8 and the particle age from about 6 to 14-16 days. In the light of the above discussion, it is not unexpected that the largest variations of these characteristics are associated with strong inflow events and that the relevant values in the Baltic Sea and in the Kattegat largely mirror each other.
The cumulative values of the probability and the particle age (Fig. 9 ) rapidly converge to their long-term levels: about 0.5 and 11 days for the southern Baltic Sea and about 0.37 and 13 days for the Kattegat. The relatively low values of the probability (high values of the particle age) are apparently associated with the presence of open boundaries of the circulation model both in the Kattegat and at Bornholm. As the particles that drift out of the model domain are considered as safely released, a larger proportion of open boundaries naturally leads to a decrease of the estimated level of environmental risks.
Long-term distributions of the probability of coastal hits and the particle age (Fig. 10) demonstrate that the safest are the open part of Kattegat and the sea domain to the north-east and east of Rügen.
The geometry of the safest areas does not exactly follow the geometry of the coastline. For example, the lowest probabilities and the largest particle age occur much closer to Rügen along the Bornholm-Rügen cross-section. Similarly, a relatively safe area exists in the western part of the Kattegat. A relatively safe domain to the east of Fehmarn apparently exists owing to low current velocities and simply demonstrates a rather limited ventilation rate of this region.
Optimum fairway
Finally, we consider the construction of an optimum fairway based on the calculated long-term distributions of the probabilities for coastal hits and the particle age. The traffic through the Danish Straits is confined to the existing fairways that have to follow the local bathymetry. There is more freedom in the fairway choice in the Darss Sill area and especially between Rügen and Sweden.
We employ the simple "local" method proposed in Andrejev et al. 2011; Soomere et al. 2011b for the selection of such fairways in elongated sea areas (see Fig. 11 ). In essence, this procedure is a discrete variation of the method of the least steep gradient for finding crests or troughs on a 2D map of the probabilities or particle age (Andrejev et al. 2011) . A natural extension of this scheme is to account also for the water depth and to redirect the fairway to avoid very shallow regions. This scheme only accounts for the measure of environmental risk in a few neighbouring grid points. Consequently, the exact location of the resulting fairway is very sensitive with respect to local variations in the underlying fields of probability or particle age. The process is not necessarily symmetrical with respect to change in sailing direction. Only for the case where the relevant fields have exactly one extremum across an elongated sea area, the method obviously finds this extremum and follows it. Figure 12 presents several examples of non-smoothed fairways in the model domain from the Baltic Proper to Lübeck (Fig. 12b, c ; the reversed version in Fig. 12a ) and from the Great Belt to Kattegat (see Fig. 2b ). The design is based on the spatial distribution of the probability for coastal hit and particle age for [1990] [1991] [1992] [1993] [1994] . Both the fairways from the Great Belt into Kattegat first follows the deepest channel but then deviate to the east, following the minima of the map of probabilities and the maxima for the particle age. This shape of the fairways evidently reflects the presence of an anticyclonic current system during a substantial time. This gyre keeps pollution from hitting the coast and finally transports it out of model domain. A part of the resulting fairways cross very shallow areas and cannot be used by large ships. For the practical use these "raw" estimates for the optimum fairways have to be smoothed (Andrejev et al. 2011) .
The fairway (Fig. 12a) heading from Lübeck to the east avoids the areas in the vicinity of the Darss Sill from where the inflow current usually carries water to the coasts of Rügen (cf. Fig. 3c ). The fairway corresponding to the use of the scheme in Fig. 11 with the choice from five adjacent points heads to the south-east after crossing the latitude of Arkona Cape. The branching of the fairway heading to the north-east is reached by means of restricting the sailing line from Lübeck to the east to the three neighbouring grid points located to the north, north-east and east of the current point. Figure 12b first demonstrates that, according to the model, the optimum fairway from Öresund to the north should also go over the relatively shallow western part of Kattegat. The large fluctuations of the optimum fairway near Bornholm highlight the shortcoming of the simplest fairway finding procedure on Fig. 11 which works properly only for elongated sea areas. The deviation of the two versions of the optimum fairway from each other in the central Arkona Basin (Fig. 12c) suggest that this area has relatively low gradients of the underlying fields of probabilities and particle age and thus may serve as a natural area of reduced risk in terms of coastal pollution (Soomere et al. 2011c) . As both the versions of the fairway tend to head to Öresund, they are shifted to the south by few grid points at 12.6°E, 54.7°N, after which the scheme on Fig. 11 follows into the desired direction. Interestingly, the fairway based on particle age heads to Lübeck while the one based on the probability of coastal hit turns to the north near Fehmarn and heads further Fig. 9 Mean probability (black) and cumulative averaged probability (green) for a the south-western Baltic Sea (latitude <56.02°N, excluding Kattegat) and b for Kattegat. Mean particle age (black) and cumulative averaged particle age (green) for c the south-western Baltic Sea (latitude <56.02°N, excluding the Kattegat) and d for Kattegat to the Fehmarn Belt. The results vividly demonstrate quite a large variation in the optimum fairway depending not only on a specific measure of environmental risk but also on the sailing direction. This clearly calls for the necessity to implement more advanced fairway construction techniques for practical applications, which, however, is out of the scope of this paper.
The comparison of the average probability of coastal hit or the particle age over the selected fairway with similar values over the commonly used (Table 1) shows that the benefit from the use of the optimum fairways in terms of probabilities is modestly small for relatively safe areas such as the Kattegat but could be up to 30 % for the Darss Sill area. The benefit in terms of the particle age (equivalently, in terms of extra time to combat with the pollution in the open sea) is typically about 1-2 days for the model area.
Conclusions and discussion
Presented results revealed a major difference in the dynamics of the surface flows in the (usual) outflow conditions and in (relatively infrequent) inflow situations. There is continuously a high chance for beaching of oil spills released at basically any point of the sea during outflow time. Even those parts of adverse impacts that make their way through the Great Belt still end up at the coasts of the Kattegat with quite a high probability because of a subtle effect of flow divergence. On the contrary, the inflowing surface currents show an interesting feature of overall flow convergence towards the middle domains of the sub-basins of the south-western Baltic Sea. This convergence radically reduces the probability of coastal pollution by adverse impacts released offshore, e.g. by ships. A probable physical reason for such a drastic difference in the behaviour of the surface-layer flow stems from the overall different buoyancy of the "new" surface water for the south-western Baltic Sea (where the more saline water from the Kattegat tends to sink) and for the Kattegat (where the less saline Baltic Sea water tends to spread over the sea surface or to keep closer to the coasts).
The area addressed in the present study differs largely from other areas where the same methodology has been applied. Unlike the Gulf of Finland (Andrejev et al. 2011) where the seasonal fluctuations of the forcing trigger by far the strongest signal in the variability of the probability of coastal hits and the particle age, in the studied area here, the major variability of these characteristics is associated with the changes between outflow and inflow.
The narrowness of the waterways in the area in question suggests that there is very little freedom in the choice of the sailing line and thus also not very bright perspectives exist for a large gain in environmental aspects compared with wider water bodies (Soomere et al. 2011b; Viikmäe et al. 2010) . Surprisingly, the spatial variations of the used measures of risk may play a substantial role in the decrease in environmental risks. Table 1 suggests that even relatively small variations in the fairway under existing constraints may lead up to 30 % of gain in terms of the probability of coastal pollution. The gain in terms of particle age, equivalently, additional time for removing the pollution, is relatively small but still of the order of 2 days.
The present study provides theoretical estimates for optimum fairways based on a few selected criteria. There are several obvious potential drawbacks associated with the use of the optimum solution. The environmentally optimised fairways are in many cases longer than the existing sailing lines. The use of longer fairways generally means longer travel time and an increase in the risk of an accident and the environmentally pollution. The experience from the Gulf of Finland shows that the optimum fairways are typically by a few per cent (in specific cases by up to 10 %) longer than the typical fairways. Preliminary estimates based on the line integral technique suggest that the gain is still significant (Soomere et al. 2011b) . Also, concentration of traffic into a narrow corridor may additionally increase the risk of collision. Further studies are obviously necessary to find a sensible balance between the environmental gain of shifting a fairway and the additional costs and traffic risks connected with such a reallocation.
Finally, we would like to emphasise that our study is focused solely on pollution transport by currents, for which reason pollutants are treated as the idealised buoyant water particles. Realistic studies including the effects of the wind and wave induced drift, vertical mixing, horizontal dispersion and weathering should be further considered. Fig. 12 Optimum fairways in the western Baltic Sea based on the distribution of the probability for coastal hit (red) and particle age (white) for the period of 1990-1994. a Fairways starting from Lübeck and heading to the east and starting from the Great Belt and heading to the North. The yellow points indicate the starting points of the fairway and the background colour scale shows water depth (m). b Fairways starting from the strait between Bornholm and Swedish mainland and heading to the west and from Öresund heading to the north. c Fairways starting from the strait between Bornholm and Poland and heading to the west and starting from the central part of the Kattegat and heading to the south. The former fairway is shifted to the south at 12.6°E, 54.7°N, after which it heads to the Belt Sea
